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Abstract. Graphenes prepared by three different methods have been investigated as electrode materials 
in electrochemical supercapacitors. The samples prepared by exfoliation of graphitic oxide and by the 
transformation of nanodiamond exhibit high specific capacitance in aq. H2SO4, the value reaching up to 
117 F/g. By using an ionic liquid, the operating voltage has been extended to 3⋅5 V (instead of 1 V in the 
case of aq. H2SO4), the specific capacitance and energy density being 75 F/g and 31⋅9 Wh kg
–1 respecti-
vely. This value of the energy density is one of the highest values reported to date. The performance 
characteristics of the graphenes which are directly related to the quality, in terms of the number of layers 
and the surface area, are superior to that of single-walled and multi-walled carbon nanotubes. 
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1. Introduction 
Electrochemical supercapacitors are passive and static 
electrical energy storage devices for applications re-
quiring high power density such as energy back-up 
systems, consumer portable devices and electrical/ 
hybrid automobiles.1,2 Electrochemical supercapaci-
tors store significantly higher amount of energy than 
conventional capacitors but less than that of batteries, 
and are similar in construction to conventional ca-
pacitors except that the metal electrodes are replaced 
by a highly porous electrode. The dielectric film 
separating the two electrodes is porous and the cell 
contains a suitable electrolyte such as aqueous (aq.) 
H2SO4. Energy is stored in supercapacitors due to 
the formation of a electrical double layer at the inter-
face of the electrode (electrical double layer capaci-
tors, EDLCs) or due to electron transfer between the 
electrolyte and the electrode through fast Faradiac 
redox reactions (psuedocapacitors). In the latter type 
of supercapacitors, the amount of charge stored is 
proportional to the voltage. Porous carbon materials 
such as activated carbon,3,4 xerogels,
5
 carbon nano-
tubes,
6–9
 mesoporous carbon
10
 and carbide-derived 
carbons
11
 have been investigated for use as elec-
trodes in EDLCs. In the last few years, there has 
been great interest in graphene, which constitutes an 
entirely new class of carbon. Electrical characteriza-
tion of single-layer graphene has been reported.
12,13
 
We have investigated the use of graphene as elec-
trode material in electrochemical supercapacitors. For 
this purpose, we have employed graphene prepared 
by three independent methods14 and compared their 
supercapacitor behaviour with aq. H2SO4 as the elec-
trolyte. We have compared the performance of the 
graphene samples with that of single-walled carbon 
nanotubes (SWNTs) and multi-walled carbon nano-
tubes (MWNTs). Furthermore, we have explored the 
use of ionic liquids as electrolytes. Thus, by employ-
ing the ionic liquid, N-butyl-N-methylpyrrolidinium 
bis(trifluoromethanesulfonyl)imide (PYR14TFSI), we 
have been able to extend the operating voltage up to 
3⋅5 V compared to 1 V normally obtained with aq. 
H2SO4
15
 The present study reveals that graphenes at-
tain a specific capacitance as high as 117 F/g in aq. 
H2SO4. In the ionic liquid, a specific capacitance 
~75 F/g is attained with an energy density of 
31⋅9 Wh kg
–1
. 
2. Experimental 
We have prepared graphene by three methods, 
which yield samples with different porosities and 
other characteristics.14 The first method involved 
thermal exfoliation of graphitic oxide.
16
 In this 
method, graphitic oxide was prepared by reacting 
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graphite (Aldrich, 15 µm) with concentrated nitric 
acid and sulphuric acid with potassium chlorate at 
room temperature for 5 days. Thermal exfoliation of 
graphitic oxide was carried out in a long quartz tube 
at 1050°C. In the second method, graphene was ob-
tained by heating nanodiamond at 1650°C in a he-
lium atmosphere.17 The last method involved the 
decomposition of camphor over nickel nanoparti-
cles.18 The reaction was carried out in a two-stage 
furnace and the camphor was slowly sublimed from 
the first furnace to the second furnace held at 770°C 
where the micron sized nickel particles were placed. 
MWNTs were synthesized using the arc discharge 
process and were purified by heating in air at 700°C
 
for one
 
hour. SWNTs were prepared by the arc 
evaporation of Ni–Y catalyst impregnated graphite 
rods and were purified using hydrogen treatment.19 
 The graphene samples were characterized using 
transmission electron microscopy (TEM), atomic 
force microscopy (AFM), X-ray diffraction (XRD) 
and Raman spectroscopy. TEM images were ob-
tained with a JEOL JEM 3010 instrument fitted with 
a Gatan CCD camera operating at an accelerating 
voltage of 300 kV. AFM measurements were per-
formed using CP 2 atomic force microscope and 
Raman spectroscopic characterization was carried 
out using JobinYvon LabRam HR spectrometer with 
632 nm HeNe laser. Surface area measurements 
were carried out in a QuantaChrome Autosorb-1 in-
strument. 
 
 
 
 
 
 
Figure 1. TEM images of (a) graphene obtained by the thermal exfoliation of graphitic oxide (EG). (b) thermal 
conversion of nanodiamond to graphene (DG). (c) and (d) AFM height profiles of EG and DG respectively. 
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3. Results and discussion 
In figures 1(a) and (b), we show the TEM images of 
graphene samples prepared by exfoliation of graph-
itic oxide (EG) and transformation of nanodiamond 
(DG) respectively. There is some disorder in the 
graphene sheets of EG while there are nanoparticle-
like features in the case of DG. The AFM image 
profiles of EG and DG show that they consist of 3-6 
graphene layers (see figures 1 (c) and (d)). The gra-
phene prepared from camphor (CG) comprises a 
considerably large number of layers accounting for 
the sharp graphitic reflections in powder x-ray dif-
fraction pattern, unlike the EG and DG samples. The 
Brunauer–Emmett–Teller (BET) surface area of EG 
and DG were 925 and 520 m2/g respectively. The 
 
 
Table 1. Characteristics of the graphene samples. 
 Number Crystallite  Surface 
Sample of layers size (nm) La (nm) area (m
2/g) 
 
CG >20 6⋅1 10  46 
EG 3–6 4⋅7  6 925 
DG 3–6 5⋅0  4 520 
 
 
 
Figure 2. (a) Voltammetry characteristics of a capacitor 
built from graphene electrodes (5 mg each) at a scan rate 
of 100 mV/s using (a) aqueous H2SO4 (1 M) and (b) spe-
cific capacitance as a function of scan rate. 
average pore size was 3 nm in the case of EG and 
DG was microporous. CG exhibited type-II adsorp-
tion behaviour with a BET surface area of 46 m2/g. 
The ratio of the intensities of the Raman G and 2D 
bands varies in the order CG > EG > DG and the in-
plane crystallite sizes also varies in the same order 
(see table 1). From the data in table 1, we conclude 
that EG and DG have good graphene characteristics. 
 The graphene electrodes and supercapacitor cells 
were fabricated following Conway1 and the meas-
urements were carried out with a two-electrode con-
figuration, the mass of each electrode being 5 mg in 
the case of SWNT, MWNT, DG and CG while it 
was 3 mg for EG.
 
Electrochemical measurements were 
performed using a PG262A potentiostat/galovanostat, 
(Technoscience Ltd, Bangalore, India). Experiments 
with PYR14TFSI-based supercapacitors were carried 
out at 60°C in a mBraun glove box keeping the oxygen 
and water levels at less than 0⋅1 ppm. The ionic liq-
uid was dried at 80°C under vacuum for a day prior 
to the experiment. We have performed cyclic volt-
ammetry as well as constant current charging and  
discharging to characterize the two-electrode super-
capacitor cells with the different graphenes and elec-
trolytes. Specific capacitance was calculated using 
the following formulae:  
 In cyclic voltammetry, CCV = 2(i+ – i-)/(m × scan 
rate), where i+ and i– are maximum current in the 
 
 
 
 
Figure 3. (a) Typical charging and discharging curves 
of EG at 5 mA and (b) specific capacitance as a function 
of discharge current. 
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Figure 4. (a) Voltammetry characteristics of a capacitor built from SWNTs and MWNTs at a scan rate of 100 mV/s 
using 1 M H2SO4. (b) Specific capacitance of SWNTs and MWNTs as function of scan rate (open squares) and dis-
charge current (open circles). 
 
 
 
 
Figure 5. (a) Voltammetry characteristics of a capacitor 
built from graphene electrodes (5 mg each) at a scan rate 
of 100 mV/s using ionic liquid. (b) Specific capacitance 
as a function of scan rate using PYR14TFSI. 
 
positive scan and negative scan respectively and m 
is the mass of electrode. 
 In constant current charging and discharging, 
CCD = 2(i)/(s × m), i is the constant current applied 
and s is the slope of the discharge curve. The energy 
density is given as E = CV2, where C is the capaci-
tance taking into account both the electrode masses 
and V is the operational voltage. 
 In figure 2(a), we show cyclic voltamograms 
(CVs) at a scan rate of 100 mV/s for capacitors built 
using graphene as electrodes and 1 M H2SO4 as 
electrolyte. All the supercapacitors exhibit good 
box-like CVs with EG exhibiting the highest specific 
capacitance of 117 F/g. The specific capacitance de-
creases slightly as the scan rate is increased as 
shown in figure 2(b), but the capacitance remains at 
100 F/g at a scan rate of 1000 mV/s, retaining the 
box-like characteristics. DG exhibits a capacitance 
of 35 F/g in 1 M H2SO4 with no change in the spe-
cific capacitance even at higher scan rates or dis-
charge currents as seen in figure 2. CG exhibits a 
low specific capacitance of 6 F/g. 
 The results obtained from cyclic voltammetry 
were confirmed by charge–discharge experiments. In 
figure 3(a), we show typical charge-discharge curves 
at 5 mA current for a supercapacitor built using EG. 
The charging and discharging curves are linear with 
no loss due to series resistance. The specific capaci-
tance of EG decreases slightly as the discharge cur-
rent is increased from 1 mA to 50 mA, while the 
other graphene samples exhibited no such depend-
ence (figure 3(b)). There is a significant correlation 
between the electrochemical results and the AFM or 
the Raman observations. As the number of layers in 
the graphene decreases, the value of the surface area 
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and specific capacitance increase. The graphene 
prepared by exfoliation exhibits a capacitance of 
12⋅4 µF/cm2 while the graphene prepared by the 
nanodiamond route exhibits a capacitance of 6⋅7 µF/ 
cm2. The presence of surface functional groups in 
the EG sample is likely to give rise to some psuedo-
capacitance. 
 We have carried out measurements on SWNTs 
and MWNTs for purpose of comparison. In figure 
4(a), we show typical cyclic voltammograms of 
SWNTs and MWNTs in aq. H2SO4. The specific  
capacitance of SWNTs and MWNTs are 64 and 14 F/g 
respectively and are independent of the scan rate or 
discharge current as seen in figure 4(b). Clearly, the 
performance of graphenes is much better than that of 
carbon nanotubes. 
 Encouraged by the results obtained using 1 M 
H2SO4 as electrolyte we fabricated cells using the 
ionic liquid PYR14TFSI as the electrolyte. We have 
investigated the EG and DG samples with this elec-
trolyte as they showed promising results in our experi-
ments with aq. H2SO4. In figure 5, we show typical 
CVs of graphene-PYR14TFSI supercapacitors ob-
tained at a scan rate of 100 mV/s. In PYR14TFSI, 
specific capacitance values of 75 F/g and 40 F/g 
were obtained with EG and DG respectively. The 
specific capacitance depends significantly on the 
scan rate as the ionic liquid is highly viscous (figure 
5(b)). The value of the maximum energy density stored 
using these capacitors are 31⋅9 and 17⋅0 Wh kg
–1
 res-
pectively for EG and DG. These are some of the 
highest values reported to date and are comparable 
to those of microporous carbons reported by Balducci 
et al.
20
 
4. Conclusions 
In conclusion, we have shown that graphenes act as 
good electrode materials for application in superca-
pacitors. The specific capacitance of the exfoliated 
graphene in the aqueous electrolyte is comparable to 
that obtained with activated carbons
 
and superior to 
that of carbon nanotubes while value of the energy 
density of the graphene capacitors is one of the high-
est known to date. The supercapacitor characteristics
are directly related to the quality of the graphene 
specifically the number of layers and the associated 
surface area. It should be possible to further improve 
the performance characteristics by modifying or im-
proving the quality of the graphene samples. 
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